ABSTRACT. Phosphatidylcholine is the main phospholipid present in cell membranes and in lipoproteins, and can interfere with various biological processes. This lipid also has antioxidant activity, and protects against damage caused by free radicals under conditions of ischemia/reperfusion. Therefore, the present study was designed to evaluate toxicogenetic damage caused by twisting of the spermatic cord in ischemia/reperfusion, and whether phosphatidylcholine plays a role in conditions of ischemia/reperfusion in preclinical trials. The results indicate that spermatic cord torsion does not cause genotoxic damage or mutagenesis. A dose of 300 mg/kg of phosphatidylcholine is toxic and is thus not recommended. However, a dose of 150 mg/kg does not promote toxicogenetic damage, and though it does not statistically prevent tissue damage occurring from lack of oxygenation and nutrition of testicular cells, it has a tendency to reduce this damage. Therefore, this research suggests that further studies should be conducted to clarify this tendency and to provide a better explanation of the possible therapeutic effects of phosphatidylcholine in cytoprotection of germ cells affected by ischemia/reperfusion.
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INTRODUCTION
Testicular torsion is a urological emergency characterized by the rotation of the spermatic cord on its own axis. This event causes biochemical and morphological changes in the testes owing to ischemia/reperfusion, and if not diagnosed and treated in time, its effects will be exacerbated because of reperfusion and necrosis of the gonads (Sinha and Swerdloff, 1999) . This urological condition can affect patients of all ages. However, it occurs more frequently from the neonatal period until adolescence (Gunther et al., 2006) . Presently, the worldwide incidence of this condition is one case per 4000 men aged <25 years (Ringdahl and Teague, 2006) . Surgical treatment of this condition involves the manual detorsion of the testes, restoration of their anatomical position, and orchiopexy (Bolln et al., 2006) . Orchiectomy and prophylactic contralateral orchiopexy are indicated in cases of testicular necrosis (Sessions et al., 2003) .
Widespread testicular ischemia/reperfusion, which can occur during torsion of the spermatic cord, is due to occlusion of the venous return and leads to edema and vascular rupture. Subsequently, arterial occlusion prevents the oxygenation and nutrition of tissues and may cause the death of germ cells and Leydig cells, and even testicular necrosis. Additionally, ischemic organ injury and reperfusion of the contralateral testicle promote histological changes (Jesus, 2000) . The damage caused by the reperfusion of the testicle occurs because of oxidative stress via the increased production of reactive oxygen and nitrogen species, which are toxic to cells and lead to membrane lipid peroxidation and apoptosis (Aitken and Roman, 2008; Lee et al., 2012) . The combination of these events may cause changes in DNA via disruption of genetic pathways and changes in the cell cycle and cell proliferation, with a consequent increase in apoptotic events (Wei et al., 2013) . One possible strategy to protect against these reactive species is endogenous antioxidant defense by the enzymes superoxide dismutase, glutathione peroxidase, catalase, and glutathione-S-transferase (Aitken and Roman, 2008) . However, in the case of torsion of the spermatic cord, where increased production of reactive species occurs, therapies based on antioxidants and/or compounds that enhance the antioxidant effect, such as phosphatidylcholine, can be used (Ikeda et al., 2011) .
Phosphatidylcholine is the main phospholipid present in cell membranes and lipoproteins and interferes with many biological processes (van Meer, 1989) . Its metabolites are important mediators of intracellular signaling (Cui and Houweling, 2002) , inflammation (Pompéia et al., 2003) , and immunomodulation (Courrèges et al., 2003) . It has also been reported that phosphatidylcholine increases the solubility of cholesterol and can therefore change the composition of fatty deposits and inhibit platelet aggregation, reducing the risk of cardiovascular disease (Mel'Chinskaia et al., 2000) . Its therapeutic use has also been reported for mental disorders (Adibhatla and Hatcher, 2007) , neuronal preservation (Zweigner et al., 2004) , liver disease associated with alcohol abuse (Schuller-Perez and San Martin, 1985) , and viral infections, including hepatitis (Tsyrkunov, 1992) . Therefore, the present study aimed to evaluate the toxicogenetic damage caused by ischemia and reperfusion due to twisting of the spermatic cord, as well as the effects of phosphatidylcholine on this urological condition in preclinical trials.
MATERIAL AND METHODS

Chemical agent
Phosphatidylcholine [Lipostabil ® , Sanofi-Aventis, France, Lot 1726, 150 and 300 mg/ kg body weight (b.w.)] was administered intraperitoneally (ip) in a single dose.
Animals
Twenty-one adult male Wistar Rattus norvegicus albinus with an average weight of 460 g were obtained from the Central Animal Facility of the Biological Sciences Center at Universidade Federal de Mato Grosso (UFMS).
The animals were housed in pairs or trios in polypropylene boxes lined with wood shavings, and were fed commercial feed (Nuvital ® ) and filtered water ad libitum. The boxes were maintained on shelves in standardized conditions with a 12/12-h light/dark photoperiod, a temperature of 22° ± 2°C, and relative humidity of 55 ± 10%. The experiment was conducted in accordance with the guidelines of the Universal Declaration of Animal Rights and was approved by the Ethics Committee on Animal Use of UFMS under protocol No. 509/2013.
Experimental design
The animals were randomly divided into three groups (seven animals per group): I) control (ischemia/reperfusion) group; in this group, the left testis was exteriorized, and the spermatic cord was twisted 720° in a clockwise direction (internal) and maintained in that position in a container with 0.9% saline at ambient temperature for 2 h, after which the cord was untwisted and the testis was repositioned in the scrotum. Subsequently, the incision was sutured with continuous stitches in a single plane. Fifteen minutes before testicular repositioning, a saline solution was injected (ip) at a dosage of 1.0 mL/100 g b.w. II) Phosphatidylcholine group (150 mg/kg, PC150) and III) phosphatidylcholine group (300 mg/kg, PC300) animals were subjected to the same procedures performed on the control group, with the exception that the saline solution (ip) was replaced with phosphatidylcholine, with administered doses of 150 and 300 mg/kg (ip) for groups II and III, respectively.
Euthanasia was performed 60 days after the administration of phosphatidylcholine or 0.9% saline, using an overdose of anesthetic (ketamine hydrochloride; Fort Godge Laboratory, USA) after collection of the testes for histopathological evaluation.
Surgical procedure
The animals were anesthetized by an intramuscular injection of ketamine hydrochloride (50 mg/kg, Fort Godge Laboratory) and xylazine hydrochloride (10 mg/kg, Burs Veterinary Supply, USA) into the lateral side of the left thigh. After anesthesia, a trichotomy was performed in the left inguinal region. Subsequently, the animals were placed on a surgical board in the supine position, antisepsis was performed with 1% chlorhexidine and the placement of a fenestrated sterile drape, and an inguinotomy was performed.
The access route was produced by an oblique incision of approximately 1.5 cm inside the left inguinal region with a No. 15 blade and No. 3 cable, followed by opening the layers of the skin and subcutaneous tissue until visualization of the spermatic cord was possible. The spermatic cord was dissected and isolated using Adson anatomical toothless forceps, curved Kelly forceps (mosquito), and curved Metzenbaum scissors, initiating inferiorly until the left testis was exposed.
The left testis was externalized, and the spermatic cord was manually twisted clockwise in two circles around its own axis (approximately 720°). It was maintained in this position in a container with 10 mL 0.9% saline at ambient temperature for 2 h. Subsequently, the testis was repositioned on the left hemi-scrotum, and the wound was sutured with continuous stitches on a single plane with 3-0 polyester sutures (Ethicon, Somerville, NJ, USA).
Biological assays
Toxicogenetic evaluation
Twenty-four hours after the administration of phosphatidylcholine or 0.9% saline (T1), two 20-mL peripheral blood samples were collected by puncturing the tail vein, in order to perform the comet and micronucleus assays. Other peripheral blood samples (20 mL) were collected for the micronucleus assay 48 h (T2) and 72 h (T3) after the administration of phosphatidylcholine or 0.9% saline.
Comet assay
The comet assay was performed according to the method described by Oliveira et al. (2015) . A 20-mL aliquot of peripheral blood was homogenized in 120 mL low-meltingpoint agarose (0.75%). This solution was deposited on slides covered with normal agarose (1.5%). The slides were covered with a glass cover slip and cooled at 4°C for 20 min. The coverslips were removed and immersed in freshly prepared lysis solution for 1 h at 4°C while being protected from light. Afterwards, the slides were transferred to an electrophoresis tank containing buffer at pH > 13.0 for 20 min at 4°C for DNA denaturation. This procedure was followed by electrophoresis at 25.0 V and 300.0 mA (1.25 V/cm) for 20 min. The slides were neutralized in buffer (pH 7.5, 0.4 M Tris-HCl) three times (5 min each cycle), air dried, and fixed in absolute ethanol for 10 min. The slides were stained with 100 mL ethidium bromide at 20X 10-3 mg/mL and analyzed on an epifluorescence microscope (model L2000, Bioval ® ) at a magnification of 400X with a 420-490 nm excitation filter and a 520-nm barrier filter. Following the procedure of Kobayashi et al. (1995) , 100 cells were analyzed per animal, and the comets were classified as class 0, undamaged cells without a tail; class 1, cells with a tail that was smaller than the diameter of the nucleoid; class 2, cells with a tail size between one and two times the diameter of the nucleoid; and class 3, cells with a tail two times larger than the diameter of the nucleoid. Apoptotic cells with a completely fragmented nucleoid were not counted. The total score was calculated by summing the values resulting from the multiplication of the total number of cells observed in each damage category by the class value.
Micronucleus test
The micronucleus assay was performed on peripheral blood samples according to the protocol described by Oliveira et al. (2015) . A 20-mL aliquot peripheral blood was placed on a slide covered with 20 mL acridine orange (1.0 mg/mL), and then covered with a cover slip. The slide was maintained at -20°C for a minimum of two weeks. The analysis was performed with an epifluorescence microscope (model L2000, Bioval ® ) at a magnification of 400X with a 420-490 nm excitation filter and a 520 nm barrier filter. A total of 2000 cells were analyzed per animal.
Histopathological analysis
After the 60-day experimental period, the testes were collected, fixed, and maintained in 10% buffered formalin for 48 h. They were sectioned in the sagittal plane and prepared for histopathological examination. Briefly, after fixation, the tissue sections were dehydrated, cleaned, and embedded in paraffin. The samples were cut on a microtome at a thickness of 5 mm, stained with hematoxylin and eosin (H&E), and examined under a bright field microscope at a magnification of 1000X (model Eclipse e-200, Nikon ® ). Histopathological evaluation was performed by a double-blind model according to the damage scale proposed by Cosentino et al. (1985) and modified by Urt Filho et al. (2012) . Damage was classified as: grade 1, normal testicular architecture and orderly arrangement of germ cells; grade 2, lower histological organization, loss of cohesion between germ cells, and closed seminiferous tubules; grade 3, higher disorganization of testicular architecture, germ cells with pyknotic and retracted nuclei, and seminiferous tubules with poorly defined edges; and grade 4, presence of occluded seminiferous tubules and coagulative necrosis of germ cells.
Statistical analysis
The values are repoted as means ± standard error of the mean or percentages. Data were analyzed using ANOVA and Tukey, Kruskal-Wallis, and chi-square tests, according to their nature and distribution, using the GraphPad Prism software version 2.3 (Graph-Pad Software Inc., San Diego, CA, USA). The significance level was set at P < 0.05.
RESULTS
Biometric parameters
The animals were randomly divided into the experimental groups, and statistically significant differences were not observed between the control group and the groups treated with phosphatidylcholine. However, a significant decrease was observed in the weight of the PC300 group compared to that of the PC150 group (P < 0.05) (Figure 1) . 
Toxicogenetic evaluation
The analysis of the frequency of genetic changes, according to the comet and micronucleus assays, indicated that neither testicular twisting nor treatment with phosphatidylcholine at the two concentrations tested caused genotoxic or mutagenic damage (Figure 2) . 
Survival analysis and histopathological examination
The histological examination indicated no significant improvement in histological damage and mortality rate in the groups evaluated. However, the PC150 group showed a viability of 100% and a tendency toward the reduction in histological damage, indicating an important biological result. In the PC300 group, there was less reduction in histological damage, and the mortality rate was 57.14% (Figure 3) . A detailed analysis of the histological parameters indicated that the process of ischemia/reperfusion caused a histological damage score of 185.71 ± 41.85 with changes classified as Classes 1 and 3. The administration of PC150 reduced the score to 100.00 ± 34.50. Data from the PC150 group showed a reduction in Class 3 damage and an increase in the analyzed fields without histological damage (Class 0). However, the PC300 treatment increased the histological damage score to 216.66 ± 83.33 and increased the frequency of Class 3 damage (Table 1) . Table 1 . Mean values ± SE of histological classes of damage and score. *According to Consentino et al. (1985) and Urt Filho et al. (2012) 
DISCUSSION
Cases of sterility and infertility are increasing, and these important public health problems are being aggravated on a global scale (Nachtigall, 2006) . The causes of these complications include genetic, environmental, and idiopathic factors (Macaluso et al., 2010) . Some urological diseases are also included among the causes, including urogenital tract infections (Sobinoff et al., 2015) , cryptorchidism (Chung and Brock, 2011) , varicocele (Shafi et al., 2014) , and torsion of the spermatic cord mediated by ischemia/reperfusion processes (Ahmed et al., 2000) . In the latter case, studies have primarily examined the effects of ischemia/ reperfusion (and consequently, of hypoxia) on the germ cells, damage to the contralateral testis, and reperfusion (Antoniolli- Silva et al., 2005) .
The protocols and results described in the literature are diverse, limiting data comparison, particularly with regard to the strategies that promote ischemia/reperfusion. These strategies include the twisting of the spermatic cord to different degrees (180° to 1080°) and ligation of the spermatic artery (Sessions et al., 2003) . However, the most widely used models to evaluate the effect of ischemia/reperfusion on spermatogenesis in the adult rat involve a 720° rotation for 1-6 h and persistent damage after 60 days, which may even be irreversible (Becker and Turner, 1995; Silva et al., 2005) . Therefore, the present study selected the protocol of Silva et al. (2005) with modifications, and a 2-h period of ischemia/reperfusion.
According to Turner and Brown (1993) , after at least 1 h of ischemia/reperfusion, tissue damage can be quantified in the testis. Therefore, a period of approximately 1 h is indicated for the therapeutic effect antioxidant therapies for protection of the germ cells. Therefore, in the present study, we used phosphatidylcholine, which has antioxidant activity (Nwosu et al., 1997) .
The ischemic/reperfusion state during the twisting of the spermatic cord causes the release of free radicals (Lee et al., 2012) , which generally cause damage to DNA and RNA (Nikitaki et al., 2015) and the peroxidation of membrane lipids, triggering the apoptotic signaling pathway (Acevedo-Morantes et al., 2012) . However, few studies have evaluated the correlation between urologic diseases, fertility, and genetic damage. Therefore, the present study is the first to associate the absence of genetic changes (genotoxic and mutagenic) and testicular ischemia/ reperfusion, as the comparison of genetic lesions before ischemia/reperfusion (T0) and T1, T2, and T3 after ischemia/reperfusion showed that comet frequency (frequency of damaged cells and classification scores) and the frequency of micronuclei both remained unchanged. Although previous studies have reported that increased levels of free radicals are capable of affecting the germinal epithelium, these concentrations were not sufficient to cause DNA damage in peripheral blood, as demonstrated by the comet and micronucleus assays, which are important biomarkers in the field of genetic toxicology (Vasquez, 2010) and are used by regulatory agencies to evaluate toxicity and monitoring (Maffei et al., 2005) . It is of note that these assays, when associated with teratogenicity and dominant lethal studies, help relate reduced fertility and increased changes in reproductive performance with embryo-fetal development (David et al., 2014; Oliveira et al., 2015) and with possible pathological processes.
Regarding the administration of phosphatidylcholine, it was observed that this compound is not genotoxic or mutagenic, considering that no significant changes were observed between the PC150 and PC300 groups when the condition at T0 was compared with conditions at T1, T2, and T3. Biometric data also indicated no statistically significant differences between the control group and the two phosphatidylcholine groups. However, although genetic toxicity or reduced b.w. was not observed, 57.14% of the animals that received an ip dose of 300 mg/ kg b.w. died in the first few hours after treatment with phosphatidylcholine. Therefore, this dose may not cause apparent toxicity as shown by the decrease in b.w., opacity of the eyes and hair, mucosal dryness, hair bristling, behavior and motility changes, and lower food and water intake, which are important indicators of toxicity (Oliveira et al., 2015) . However, this dose is close to the LD50, the dose capable of killing 50% of the animals in the population evaluated, which precludes its use. Furthermore, the absence of mortality and signs of intoxication together with the absence of genotoxic and mutagenic damage favor the use of a dose of 150 mg/kg for antioxidant therapy against damage caused by ischemia/reperfusion.
One possible strategy to protect against these reactive species is the endogenous antioxidant defense performed by the enzymes superoxide dismutase, glutathione peroxidase, catalase, and glutathione-S-transferase (Aitken and Roman, 2008) . However, in the case of torsion of the spermatic cord, characterized by the increased production of reactive species, antioxidant therapies and/or compounds that enhance these effects, including phosphatidylcholine, can be used (Ikeda et al., 2011) to prevent cytotoxic injury to the tissues subjected to lack of nutrition and oxygenation.
This absence of DNA damage and toxicity seen with the lowest dose tested reinforces the indication of phosphatidylcholine as an antioxidant therapy for the protection of germ cells because of its activity against free radicals. In this respect, other experimental studies have demonstrated the efficacy of other drugs, including superoxide dismutase, catalase, mannitol, allopurinol, vitamin E, N-acetylcysteine, other iron-chelating compounds, angiotensin converting inhibitors, and calcium channel antagonists, for the attenuation of ischemia/ reperfusion lesions (Silva-Jr et al., 2002; Silva et al., 2005) .
The mitochondrial damage caused by ischemia/reperfusion leads to a decrease in the activity of reduced nicotinamide adenine dinucleotide (NADH), the ADP/ATP carrier, and ATP synthase. In addition, the concentrations of phospholipase A2, calcium, and free radicals are increased. It is known that the combination of these events leads to cell death and other possible changes via changes in the permeability of the outer mitochondrial membrane (SilvaJr et al., 2002) . Considering that phosphatidylcholine has antioxidant activity (Nwosu et al., 1997) and is present in the cell membrane of most cells, its concentration and composition affect the integrity and function of cell membranes, particularly cellular permeability, by increasing the solubility of cholesterol (Zocher et al., 2013) . These characteristics favor the use of phosphatidylcholine to prevent the damage caused by ischemia/reperfusion. However, in the present study, the histological examination indicated no significant differences between the control group and the group that received the lowest dose of phosphatidylcholine; however, an improvement in the histological damage score was observed.
Therefore, considering the potential therapeutic efficacy of this compound, further studies should be conducted to clarify this tendency, as well as the therapeutic effects of phosphatidylcholine for the protection of germ cells in testes subjected to ischemia/reperfusion.
